The role of dry stratospheric air descending to low and middle tropospheric levels in a severe weather outbreak in the midwestern United States is examined using NCEP Eta model output, Rapid Update Cycle (RUC) analyses, and Earth probe Total Ozone Mapping Spectrometer (EP/TOMS) total ozone data. While stratospheric air was not found to play a direct role in the convection, backward trajectories show stratospheric air descended to 800 hPa just west of the convection. Damaging surface winds not associated with thunderstorms also occurred in the region of greatest stratospheric descent. Small-scale features in the highresolution total ozone data compare favorably with geopotential heights and potential vorticity fields, supporting the notion that stratospheric air descended to near the surface. A detailed vertical structure in the potential vorticity appears to be captured by small-scale total ozone variations. The capability of the total ozone to identify mesoscale features assists model verification. The total ozone data suggest biases in the RUC analysis and Eta forecast of this event. The total ozone is also useful in determining whether potential vorticity is of stratospheric origin or is diabatically generated in the troposphere.
Introduction
Stratospheric intrusions into the troposphere, sometimes called tropopause folds (descending as low as -800 hPa), have been analyzed by using potential vorticity (PV) for over half a century [Kleinschmidt, 1951; Reed and Sanders, 1953; Reed, 1955 spheric air is often observed originating in the southwest deserts and Mexican plateau [Carlson et al., 1980] . This air overrides low moist air, creating an inversion that can delay or prevent the release of latent instability, and enhancing potential instability [Palmen and Newton, 1969] . A similar result could occur if dry stratospheric air descended to relatively low altitudes [Griffiths et al., 2000] . In the Koch and Kocin's [1991] study, line convection developed due to descending midtropospheric air. However, they felt that stratospheric air may have been entrained. The role of stratospheric air in severe weather both apart from and within thunderstorms needs to be investigated for potential use in predicting damaging winds and enhanced atmospheric instability.
Folds are not only associated with high values of PV intruding down to normally tropospheric altitudes but also ozone. As a result, total column ozone (or total ozone) can show dramatic changes near a fold. Olsen et al. [2000] , for instance, have demonstrated a 30% increase in total ozone across a fold.
Smaller variations in total ozone may be due to other factors such as changes in ozone mixing ratio at higher stratospheric levels. The total ozone relationship can be expressed as [Ziemke and Stanford, 1994] I p(z)x(z) where 1• is total column ozone, = is proportionality expression, p is density of air, X is ozone mixing ratio, and z is geometric height. Total column ozone is generally expressed in Dobson units (DU), where 1 DU = 10 -s rn at standard atmospheric temperature and pressure. From the above equation, ozone of a given mixing ratio at lower altitudes will contribute more to the total ozone, because of greater air density at lower heights.
Danielsen 
Total Column Ozone
The total ozone data used in this study The surface low weakened from 1800 UTC on April 8, 1999, to 0600 UTC on April 9, 1999, and moved eastward (not shown). Severe weather continued to develop as it moved to the east, producing an F4 tornado in Ohio which killed four people and caused 80 million dollars in damage.
Isentropic Analyses of PV and Pressure
The PV evolution in the 315-320 and 320-325 K isentropic layers, from the RUC analysis (with corresponding pressures on the 315 and 320 K isentropic surfaces) is presented from 1200 UTC (Figure 2 hPa had descended to 729 hPa with PV exceeding 2 PVU over the region reporting damaging winds at 1500 UTC. Stratospheric origin of air is also indicated in the trajectories arriving at 750 hPa and, in some cases, as low as 800 hPa (not shown). However, the high PV values were diluted (below 2 PVU) in the six hours prior to 1800 UTC. Similar results were seen in parcel trajectories from the northern Texas and Oklahoma panhandles. Winds reportedly caused damage at 1600 UTC in these regions, where stratospheric air had descended to 600 hPa.
On the basis of examination of backward trajectories, stratospheric air may have had a direct role in producing damaging winds. Clear skies around these times allowed for strong surface heating which in turn enabled boundary layer growth. The development of the convective boundary layer facilitated mixing of the rapidly moving stratospheric air downward to the surface. These findings are similar to Browning and Reynolds [1994] .
3.3.2. Severe thunderstorms. In examining the role of stratospheric air in and near severe thunderstorms, we initially believed that dry stratospheric air was overrunning the lowlevel moist air, creating potential instability as described by Griffiths et PVU, which, although below our threshold for the dynamic tropopause, would be considered stratospheric in some studies, and implies an origin near the tropopause. Although the air originating at 1800 UTC on April 7 was at 550 hPa, a low tropopause existed in the region at that time due to a deep stratospheric intrusion. However, the thermodynamic tropopause (temperature lapse rate <2øC km-• for a depth of 2 km [WMO, 1986]) was around 400 hPa for this case. The trajectory arriving at 600 hPa showed similarities to those from the other sites experiencing convection (Figure lb) . Between 0800 UTC and 1100 UTC the average PV value briefly exceeded 2 PVU. This enhanced value may have been due to diabatic effects since parcels were ascending and relative humidity (RH) values were increasing from 40 to 70%. Surface observations during this time showed overcast skies, and a 1200 UTC satellite image showed a large cloud shield. The parcel followed the edge of the cloud shield, and this may explain the initially low RH values.
Stratospheric air was not found to play a direct role in the convection at SUX, OMA, and OFK. However, trajectory analyses do contain some error, and the nearness of the stratospheric air to the convection prevents its influence from being categorically denied. As in the work of Koch 
Total Ozone Comparison
The total ozone data for a section of one orbit can be seen in Plate 3a. The total ozone clearly shows a streamer-like form with the center wrapping up in central Nebraska comparable to the PV in Figure 3c (Plates 2a and 2b) . The dry stratospheric air descending within this region matches well with the band of higher total ozone. It can be seen that the highest values of total ozone in central Nebraska match the spiral feature of low reflectivity associated with the descending dry air. It should be noted that neither the reflectivity nor the total ozone data cover the easternmost portion of the cyclone due to the track of the satellite; however, this region is outside the focus of this paper. The rapid increase in total ozone from 36øN to 40øN can be understood from (1). Stratospheric air should contain relatively high values of both PV and ozone mixing ratio. If diffusion and mixing processes are unimportant, the PV contours in Figure 4 can be used to visualize contours of ozone mixing ratio. On this basis, (1) predicts that total column ozone should be expected to increase in a manner similar to that observed in Figure 4 . Using PV as a surrogate for ozone, the peak between 39øN and 42øN seems to be due to the contribution of ozone from lower altitudes. An elevated pocket of ozone (PV) at 150 hPa may also be adding to the contribution of total ozone in this maximum.
Total Ozone and Geopotential
The peak in total ozone at 43.5øN does not seem to be associated with an identifiable feature in the PV field, As will be seen in the next section, the disagreement appears to be due to inadequate horizontal resolution in our RUC analysis. The total ozone data capture finer-scale features than the coarse RUC analysis. We next compare the total ozone data with higher-resolution model output from an Eta model run.
Total ozone comparison with 40 km Eta model.
Vertical cross sections from the Eta model 6 hour forecast valid at 1800 UTC are shown in Plates 5b-5e, corresponding to the tracks in Plate 5a. The forecast errors associated with the 6 hour forecast appear to be relatively small, as model output agrees reasonably well with the available observations. More detailed structures can be seen in the 40 km resolution Eta run compared to our RUC output. Examining cross-section b (Plate 5b), total ozone increases rapidly northward, by over 40% from 35øN to the first peak at 40øN. The increase is due to high ozone values in the lower troposphere. The fold extends from 200 hPa down to 800 hPa at 33øN. The peak at 40øN can be seen as a contribution of low-level ozone (using PV as a surrogate for ozone to a first approximation), and two pockets of higher-level ozone (at 300 and 150 hPa). Another total ozone peak at 42øN may be attributed to the ozone (PV), increasing at the higher levels (100-200 hPa), as well as a pocket of ozone (PV) slightly above 300 hPa. The low-level PV from 39øN to 45øN is not contributing to the two total ozone peaks. By examining the midlevel PV and total ozone, it can be seen that there is a decrease in both in this region. Recall from (1) that low-altitude ozone mixing ratio will contribute more to total ozone than higher-altitude ozone of the same magnitude. Therefore since the low-level PV does not correlate with the total ozone, it is probably generated by diabatic effects in the lower troposphere. Supporting evidence can be seen in the reflectivity data (Plate 3b) and the IR satellite image (Figure la) , both of which indicate cloud cover in western Nebraska. In addition, the RH values were examined and found to exceed 80% (not shown). Thus it is probable that the high values of PV at these low altitudes are caused by diabatic (cloud condensation) effects.
In cross-section c, just west of the total ozone maximum (Plate 5c), fine-scale structure is evident in the lowermost portion of the fold from 34øN to 39øN. The double-peak structure in total ozone around 40øN-42øN appears to be due to the contribution of enhanced ozone mixing ratios in strataspheric air in a multiple-fold structure. The primary fold in Plate 5c extends down to 750-800 hPa near 35øN. A secondary fold is seen near 500 hPa and 41øN. The enhanced PV at low altitudes near 41øN-44øN is thought to be diabatically generated in the troposphere. Examination of RH reveals that strataspheric air extends down to 500 hPa here. The tropospheric generated PV has RH greater than 80%, whereas at 500 hPa and above, RH is low.
Interesting tion. An examination of PV in parcel trajectories in parts of northeast Kansas and the Texas-Oklahoma panhandle region showed that stratospheric air descended to below 700 hPa in these areas around the time damaging winds were reported. Although stratospheric air descends as low as 800 hPa in this case, the descent occurs southwest of the region of convective initiation, and ozone-rich air (implied by high PV) is not apparent at low-middle levels in the immediate vicinity of the convection at 1800 UTC. Trajectories show that the descending dry air is a combination of stratospheric and upper tropospheric air. The region of stratospheric descent, shown in the trajectories, matches fairly well with the region of higher bands of total ozone. Stratospheric air, present at 800 hPa over the Texas panhandle, marked the southernmost extent of the tropopause fold. Trajectories southeast of the total ozone maximum showed descending stratospheric air and ascending tropospheric air converging at midlevels near 700 hPa.
The dry air near the convection around OFK, SUX, and OMA was thus a combination of descending upper tropospheric air and ascending lower tropospheric air from arid regions to the southwest. Because stratospheric air did descend to levels around 700 hPa within 150-200 km southwest of the severe thunderstorms, and trajectory analyses can have spatial errors due to inadequate model resolution, it is possible that stratospheric air may have been entrained within tropospheric air in the vicinity of the storms. However, model output did not suggest speed errors in the simulated movement of the cyclone, and the general agreement of both isentropic and full 3-D wind-based trajectories with the PV evolution suggests that any errors were not large.
The total ozone data may provide a way to verify models and to assist in determining the origin of air parcels. In this study, a RUC analysis demonstrated the capability of total ozone data to capture the detailed structure of mesoscale features. The total ozone also aided in determining whether PV was of stratospheric origin or if it was diabatically generated in the troposphere.
Many authors have discussed the possible use of total ozone as a forecasting tool, and methods of assimilating some types of ozone data (discussed by Ravetta et al. [1999] ) are being tested at some operational forecasting centers. Shapiro et al. [1982] proposed that ozone could be used in nowcasting the upper tropospheric flow location and intensity. Davis et al. [1999] developed a technique using total ozone data to derive a threedimensional PV field that can supply thermal and velocity data via the invertibility principle [Hoskins et al., 1985] . Demirtas and Thorpe [1999] compared water vapor images to modeled PV fields and identified mismatched regions. They adjusted the PV field based on water vapor images and showed that the short-range forecast could be improved. Although they used water vapor data, a similar technique could be considered using total ozone data. In this case, for instance, the RUC analysis and Eta forecast had a small southward bias in the location of the cyclone. The spatial error was small enough that it might normally have little impact on a forecast, but in a severe weather outbreak situation, where the most violent storms often are concentrated near the warm front, the small error could be important. Total ozone data might allow adjustments in the model initialization. Successive operational RUC model runs throughout the event studied here (12 hour forecasts issued every 3 hours) progressively shifted the system northward in an apparent attempt to correct the southward error. The analysis and forecast errors were evident in the total ozone data and may have improved the forecasting of high and moderate risk regions for severe weather in this case. Additional research is needed to apply the technique using highresolution total ozone data. A problem with current TOMS total ozone data is that the polar orbiting satellite configuration allows observations of a given region only once per day, near local noon. A geosynchronous TOMS would obviate this restriction and allow application of high-resolution total ozone data to short-range forecasting, such as described by Demirtas and Thorpe [1999] .
